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Abstract—We have designed, fabricated and tested an XY-
addressable readout architecture for superconducting ﬂux qubits
in an integrated circuit designed to enable adiabatic quantum
optimization algorithms. The readout architecture for an N-qubit
system comprises N hysteretic dc SQUIDs and N rf SQUID
latches controlled with 2
√
N +2 wires. The latching elements are
coupled to the qubits and provide exceptional readout ﬁdelity.
The dc SQUIDs are then coupled to the latches to provide coarse
readout. A key advantage of this architecture is that the latches
are unaffected by the ac currents generated in the dc SQUIDs
during switching. We place a lower bound on the readout ﬁdelity
of 99.9999% in an 8 qubit test system.
Index Terms—Flux qubits, readouts, adiabatic quantum com-
putation.
I. INTRODUCTION
M
ANY proposals exist for how to build superconducting
quantum computing systems [1, 2]. One of these is
based on enabling adiabatic quantum optimization algorithms
in networks of inductively coupled superconductingﬂux qubits
[3, 4, 5]. For this approach, it is sufﬁcient to be able to read out
the state of a ﬂux qubit when its Hamiltonian is diagonal in the
readout basis. This simpliﬁes the design and implementation of
a readout system. For the purposes of readout, the ﬂux qubits
can be treated as classical sources of magnetic ﬂux, where the
readout system is tasked with distinguishing the direction of
the ﬂux created by the qubit. Typically this ﬂux can be made
large, as the two ﬂux states differ by approximately 0.5 Φ0,
though most of this ﬂux is used internally in coupling qubits.
The direction of this ﬂux can be measured in isolated qubits
with a number of different approaches. For example, one can
inductively couple a qubit directly to a hysteretic dc SQUID,
and measure the resulting shift in the transition point of the
dc SQUID from the zero voltage to ﬁnite voltage state [6, 7,
8].
While the hysteretic dc SQUID technique works well with
isolated ﬂux qubits, we have found that this approach in an
integrated circuit—and in particular in the presence of ground
planes—can lead to an effect we term readout destruction.
After a qubit is read out, the state of the qubit is randomized
by the ﬁring of the readout system. This in itself is unfortunate,
as it rules out the possibility of increasing the number of times
readout can be performed on a speciﬁc qubit, and thereby
removes an obvious mechanism for increasing readout ﬁdelity.
Furthermore, not only is the qubit whose state is read out
randomized, but the states of other qubits in its vicinity can
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also be randomized. This is clearly unacceptable, as vital
information about the solution to the problem being solved
is thereby erased1.
The mechanism underlying readout destruction is not well
understood2. It is likely that when the dc SQUID transitions
to its voltage state the resulting signal (consisting of both a
dc and an rf chirp component) resonantly drives the nearby
qubit, thus heating it to tens of Kelvin. This is comparable to
the barrier height between qubit states in the ﬁnal stage of the
adiabatic computation when the quantum tunneling terms have
been removed. The presence of a ground plane allows these
signals to propagate out with little loss and perturb nearby
qubits in the same way.
Our approach to removing this problem is to quietly latch
the state of a qubit into a Quantum Flux Parametron [9]
(QFP) that has a higher barrier for transitions between states,
and to attach the dc SQUID readout to this QFP buffer
instead. The state of the QFP buffer is not disturbed by the
readout, and is thus effective as a high ﬁdelity modular readout
system for superconductingﬂux qubits in large scale integrated
superconducting circuits. Interestingly, this latching device can
also be designed to provide minimal back-action on the qubit
and further can be used as a quiet shift register to transfer
state information to a physically isolated and dedicated readout
structure, thereby reducing the number of lines required per
readout even further for larger scale devices.
For context, hysteretic dc SQUID readout schemes had been
considered and used in early gate model computation exper-
iments on ﬂux qubits, but have fallen out of favor. Instead,
dispersive techniques are used to limit on-chip heating and
minimize back-actionon qubits [10, 11]. Dispersive techniques
are probably crucial for gate model quantum computation
systems. In contrast, for the adiabatic quantum optimization
systems considered herein, dispersive techniques, even those
that scale well [12, 13], take up signiﬁcantly more space and
add additional complexity as compared to the double-stage
readout scheme we demonstrate herein.
1Running the same adiabatic computation several times while changing the
Hamiltonian to force previously read-out qubits to their previously read-out
states and then reading out different qubits each time is an alternative work-
around that does not address the readout ﬁdelity issue.
2We have experimental data on this effect, but attempts to quantitatively
model the effect have been stymied by the complexities of modeling circuits
at the relevant frequencies near 100 GHz. For example, we note that this effect
does not occur in typical rf SQUID based phase qubits, whose parameters are
similar to our QFP devices.2
Fig. 1. XY addressable readout system. Each dc SQUID has two shared
control lines: a current bias (cb0, cb1, ...) and a ﬂux bias (fb0, fb1, ...). All
QFP latches share a single activation line (“qfp latch” in the diagram) and a
single ﬂux bias line (“qfp ﬂux bias” in the diagram). cbx supplies a current
ramp that is signiﬁcantly lower than the maximum dc SQUID Ic, so that
only the dc SQUID with a ﬂux bias applied to its fby line is triggered. The
QFP ﬂux bias line is used for debugging (for example to generate the data in
Fig. 7) and in-situ calibration, but not during readout.
II. CIRCUIT DESIGN
Figure 1 contains a schematic drawing of a readout system,
while Figure 2 contains an annotated layout of the area around
one readout. Each qubit in the circuit contains two elements
for readout: a dc SQUID and a QFP. The measurements
presented in this paper were performed on an integrated circuit
comprising 8 qubits, fabricated by D-Wave (see lower pane of
Fig. 2 for fabrication cross-section). We have also successfully
operated the readout system for a 128 qubit device containing
16 rows and 8 columns of readouts.
At a high level the circuit functions as follows: Once the
qubit has reached its ﬁnal state and a readout is desired, the
potential energy of the QFP is altered via application of ﬂux
to its compound Josephson junction (CJJ) (see Fig. 1) using
the QFP latch line. This has the effect of raising the potential
energy barrier in the QFP (see Fig. 3), which adiabatically
changes the state of the QFP from the ground state of a
monostable potential to one with a ﬁxed persistent current.
The direction of this persistent current is set by the ﬂux arising
from the qubit to be measured. Once the QFP’s energy barrier
between states ∆U has been raised to a sufﬁciently high level
to preclude further dynamics (∆U ≫ ¯ h/
p
LqfpCqfp ≫ kbT),
a current ramp is applied to the dc SQUID, and the timing
of a voltage arising across the dc SQUID is measured. If the
ﬂux arising from the QFP adds to the applied ﬂux to the dc
SQUID, switching to the voltage state will happen sooner. If
the signal subtracts, switching will happen later (see Figs. 4
and 6). This difference in timing reveals the state of the QFP
Fig. 2. (top) Layout of an element on the XY readout system. Note that all
of the elements are either shielded with a ground or a sky plane. The region
shown above is 47x50 µm. There are four metal layers: the red layer is BASE,
the blue layer is WIRA, the green diagonal hashed is WIRB, and the beige
layer is WIRC. The green dotted layer is a resistor material (Ti/Pt) and is
in place to reduce quasiparticle lifetimes. Junctions are pink circles, and vias
are denoted by crossed rectangles. Note that the QFP is galvanically attached
to the qubit; this is done purely to reduce the contribution of the readout to
length and inductance of the qubit. (bottom) Cross-section of the planarized
fabrication process. All metal layers are Nb, nominal metal thickness in the
cross-section is 300 nm and dielectric thickness is 200 nm. Characteristic
fabrication rules: minimum junction diameter 0.6 µm, minimum line-width
0.25 µm, 100 < Jc < 500A/cm2.
and therefore the state of the qubit. A more detailed discussion
of the elements and operation is presented below.
A. Qubit signal
The qubits used in this optimization circuit typically have
inductance Lq ∼ 300 pH, of which 10 pH is reserved for
readout. During readout, the qubit β = 2πLqIc/Φ0 ∼ 2,
corresponding to a circulating current of roughly Ip ∼ 2µA,
and a barrier between potential wells of 460 GHz = 22 K.
The design pressures that led to this choice are discussed in
[14] and we repeat brieﬂy the relevant points herein. While
in theory one could design for a larger maximum β and thus
a larger barrier between qubit states to provide immunity to
dc SQUID backaction, both asymmetry in the qubit CJJ and
precision limits on the qubit CJJ analog lines will then limit
circuit performance. A typical mutual inductance from the
qubit into its corresponding QFP is Mqfp,qu ∼ 5.4 pH, leading3
to a qubit signal seen by the QFP of 2IpMqfp,qu ∼ 10 mΦ0.
B. QFP latch
The QFP [9] is an rf SQUID with a CJJ, which, in
comparison to the qubit, has larger capacitance, lower induc-
tance, and higher critical current, hence a signiﬁcantly higher
energy barrier between the two counter-circulating current
states. Typical QFP parameters are inductance Lqfp = 65 pH,
junction diameter 1.55 µm, critical current Ic0,qfp = 12µA,
and capacitance Cqfp = 180 fF. Given these parameters, the
QFP will possess β = 2πLqfpIc,qfp/Φ0 = 2.37, a persistent
current of 10.5 µA, and an energy barrier between the two
persistent current states of 3.4 THz = 163 K (compare with
0.46 THz = 22 K for the qubit).
With an applied ﬂux into the compound Josephson junction
loop Φx,cjj, the potential energy of a symmetric QFP device
is:
Uqfp = −
Φ0Ic,qfp (Φx,cjj)
2π
cos(φ) +
￿
Φ0
2π
￿2 φ2
2Lqfp
(1)
where Ic,qfp(Φx,cjj) = Ic0,qfp cos(πΦx,cjj/Φ0) and φ being
the phase across an effective junction capturing the 1D be-
haviour of the two junctions making up the compound junction
(see Fig. 3). The QFP dynamics are adiabatic for realistic
applied signals Φx,cjj(t), which in our system have rise times
of approximately 1 µs. Adiabaticity is violated only during the
latching phase if there is no signal applied to the QFP, as the
two circulating current states are then degenerate in energy.
Note that if the qubit state survives the subsequent dc SQUID
readout, then the QFP is operated fully reversibly: the QFP
is reset in the presence of the signal it latched, so the whole
cycle of barrier raising and lowering is adiabatic.
One challenge in designing QFP circuits is that junction
asymmetry in the compound junction leads to an effective ﬂux
offset from zero [14] which limits how small one can make the
signal from the qubit to the QFP. With fabrication parameters
of 1% asymmetry, and a maximum β of the QFP of 2.5, this
offset will be ∼ 4 mΦ0. For this reason, we designed the
qubit input signal to be 10 mΦ0. This effectively means that
any QFP with signiﬁcantly larger junction asymmetry than 1%
will not function.
There are two other features of the QFP latch that make it
useful beyond simple qubit state readout:
1) Linear detection: By biasing the QFP such that it is
barely monostable, it can be used as a preampliﬁer acting on
the signal from the qubit. Realistically, achieving appreciable
net ﬂux gain into the dc SQUID requires careful tuning of the
QFP and dc SQUID. Instead, to use the latching detector as a
linear preampliﬁer, we apply ﬂux feedback in software to the
QFP loop to keep the QFP at its balance point where we have
a 50% probability of reading a plus or minus signal from the
QFP. The required ﬂux feedback is then a linear representation
of the signal from the qubit. At this balanced population point,
one can show that the QFP has minimal back-action on the
qubit and can be used directly to probe the magnitude of the
circulating current of the qubit and thus can be used to extract
qubit parameters as is described in [14].
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Fig. 3. Schematic depiction of the potential energy of the QFP as the
compound junction bias is raised from Φ0/2 toward Φ0 during the readout
process. The depicted QFP has an inductance of 65 pH and maximum β =
2.5. The two counter-circulating persistent current states correspond to the
two minima of the bistable (red) potential energy landscape. The ﬁnal QFP
barrier height (at 1 Φ0 applied to the CJJ) is near 3.5 THz (not shown on this
ﬁgure). In the example shown, the qubit applies a small 3 mΦ0 positive ﬂux,
causing the QFP to latch into the right well. The corresponding β values of
the curves, from monostable (black) to bistable (red) are: 0, 0.79, 0.99, 1.18.
These are achieved by applying 0.5, 0.602, 0.629, and 0.657 Φ0, respectively,
through the QFP latch line into the CJJ loop of the QFP.
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Fig. 4. Schematic Ic vs. applied ﬂux for a typical dc SQUID. Applying a
signal via the fby line allows a user to shift operating point on the abscissa
for a given row of dc SQUIDs. Then when a current bias is applied to the
cbx line, only those squids whose critical current Ic has been suppressed will
switch.
2) Shift register readout: There is a well developed logic
family based on QFPs [9], and it is straightforward to design
a QFP based shift register to reduce the line requirements of
this readout circuit. We have built and successfully tested an
8 QFP long shift register driven with a three phase clock and
having a dc SQUID readout at the end as a prototype of such
a readout scheme. For devices with less than a few thousand
qubits we have enough analog lines to run the XY readout
scheme described herein. Modifying the XY readout scheme
to enable another control direction (wire routing allows us to
make this an XYZ readout scheme, where Y and Z are simply4
Fig. 5. Schematic waveforms for operating the 2x2 XY readout as in Fig. 1.
cb0 and cb1 are current bias lines carrying linear ramp signals with typical
height of 1-2 µA. fb0 and fb1 are ﬂux bias lines carrying pulse currents of
height 1-2 mA corresponding to pulsing from 0.0 to 0.3 Φ0 applied to a
dc SQUID. QFP latch line carries roughly 1-2 mA signal varying from 0.5
Φ0 (quiescent) to 1 Φ0 (latched) in the QFP. V(cbx) depicts schematically
the voltage on the current bias lines when a single SQUID in the column is
switched. The voltage signals shift slightly left and right in time depending
on the state of the QFP. The voltage detection is done with a simple threshold
comparator.
summed together into the dc SQUID ﬂux bias) changes the
scaling of number of required wires to a cube root in the
number of qubits and will probably let us scale to tens of
thousands of qubits. If margins on the XYZ scheme are too
low, then we can implement this QFP shift register method
which uses a constant number of analog lines. In that case
we can use excess analog lines to decrease readout time or
increase operating margins.
C. dc SQUID
The method for using a hysteretic dc SQUID for ﬂux
detection is discussed in [6] and more generally in [7, 8]. For
the implementation discussed herein, current ramp times were
typically 10− 100µs and peak voltages from the dc SQUIDs
after switching were typically kept to much less than the gap
voltage of niobium to reduce heating on chip.
Basic operation (Fig. 5) of the XY-addressable array of dc
SQUIDs involved applying approximately 0.35 Φ0 to a dc
SQUID row thus resulting a suppressed critical current for the
dc SQUIDs in that row of Ic = Ic0 cos(π0.35) = 0.45Ic0.
Simultaneously, a current ramp is applied on a single column
bias line with maximum amplitude of about 0.5 Ic0. The only
dc SQUID on that column switching to the voltage state will
be the one at the intersection of the current bias and ﬂux bias
line where the row ﬂux bias has reduced its Ic enough so that
the current ramp of 0.5 Ic0 may exceed it (Fig. 4). After we
have registered an event, the current is reset to zero, another
dc SQUID selected, and the process repeated.
Figure 6 shows measured switching histograms of a single
dc SQUID for the case when its respective qubit is ﬁrst initial-
ized in one state (red) and then in the other (blue). While the dc
SQUID switching distributions are characteristic of quantum
tunneling and thus asymmetric, we still can characterize the dc
SQUID sensitivity by the standard deviation of the switching
histogram. The abscissa can be converted from time to ﬂux by
direct measurement of the shift in switching time as a known
amount of ﬂux is applied to the dc SQUID. The resulting dc
SQUID sensitivity is 1.8 mΦ0 per read, and the signal from
the QFP latch is 11.9 mΦ0, resulting in a measured single
read ﬁdelity of the dc SQUID on the QFP near 99.99%. This
is a reasonably high ﬁdelity, but during calibration of our
devices we require even better ﬁdelity. It is trivial to increase
this dc SQUID limited ﬁdelity by taking more samples of the
dc SQUID switching time since the QFP maintains its state
between these samples. The results of this repeated reading of
the dc SQUID on its resolving power are shown in Fig. 6. After
2 reads, the dc SQUID sensitivity increases to 1.3 mΦ0 and
after 4 reads to 0.9 mΦ0. At 4 reads we obtain a 99.9999%
ﬁdelity. This ﬁdelity includes qubit intialization errors, QFP
errors, and dc SQUID errors.
D. Electronics
The electronics to run the readout and qubit control are inte-
grated into a compact rack system with 128 output channels, a
fraction of which are devoted to dc SQUID readout. The ded-
icated readout channels have an ampliﬁer, tunable comparator
chain and retriggerable timers to be able to detect multiple
SQUID switching events per channel at a rate of approximately
one event per hundred microseconds per channel. Without
modifying the line bandwidth (3 MHz), this can be sped up
to roughly a 5 microsecond cycle. Roughly, then, reading a
32x32 array interleaving columns would take 5 milliseconds.
Further speed-up could be gained by simultaneous readout of
columns, but we have some evidence that isolation between
columns needs to be increased as dc SQUIDs from different
columns tend to switch simultaneously possibly due to rf
coupling between them. With further work, one can likely
reach the bandwidth limitation of the wiring in the refrigerator.
For example, with 32 lines and 3 MHz bandwidth on each line,
one may obtain roughly a 50 Mbit/second readout rate.
E. Operation
The waveforms for operation of a 2×2 XY readout archi-
tecture are depicted in Fig. 5. The ﬁrst step in the readout
process is to adiabatically latch the values of each qubit into
its associated QFP. This is done as follows: Assuming all of
the qubits on the chip have achieved their ﬁnal (diagonal in
the readout basis) states after a computation has concluded,
we apply a global ﬂux bias via the global QFP latch line to
all QFP CJJs, thus causing their potential energies to change
as shown in Fig. 3, in the presence of the ﬂux signal of their
associated qubit. This procedure adiabatically latches the state
of each ﬂux qubit into each QFP for all qubit/QFP systems in
the integrated circuit.
To read out the ith column and jth row QFP, we set the
values of the currents in each the target row to provide ﬂux
biases into the dc SQUIDs (the fby lines in Fig. 1) such that
ramping the current bias on the target column cbx can only
cause the target dc SQUID to switch. In other words, the fby5
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Fig. 6. Improving readout ﬁdelity with repeated dc SQUID sampling
of the QFP state. The dc SQUID has a current ramp applied which lasts
approximately 50 µs. The red and blue curves correspond to different
initialized ﬂux states of the qubit (which is then adiabatically transferred to
the QFP). There are three separate traces showing the probability per time of
the dc SQUID switching as the current bias is ramped. The three lines going
from thin to thick correspond to 1, 2, and 4 averaged reads of the dc SQUID.
Once 4 reads are performed we see no errors in the data set, which was 4
million points. The thick lines on this plot are the ﬁdelity data from which
we extract the 99.9999% ﬁdelity quoted in the text.
lines are used to row select by ﬂux biasing all dc SQUIDs in
the target row to a bias point where a current ramp on the dc
SQUID will trigger readout. The cbx lines are used as column
selects—only the current on the target column is ramped; all
others are kept at zero. We repeat this for all i and j.
F. Power consumption
The readout process dissipates energy onto the chip when
the dc SQUID is in its normal state. An upper bound on
the total energy dissipated by the readout process can be
estimated as follows: After the readouts switch3 to the voltage
state, the large capacitance of the refrigerator wiring and
ﬁltering (C = 2nF) starts to charge with a rate set by
dV
dt = Iswitch/C, typically ∼ 500µV/µs. Until the dc SQUID
reaches a signiﬁcant fraction of the gap voltage there is little
dissipation on chip. For fast operation we typically restrict
the charging time to less than two to three microseconds to
keep the dc SQUID from charging to the gap voltage and
generating heat. For the data presented in this paper, though,
we allowed many microseconds to pass (see Fig. 6). The
resulting dissipated energy is ∆t × 2.8mV × 1µA ∼ 28fJ. If
we performed this same inefﬁcient procedure with one readout
performedevery 100µs, we would obtain an average dissipated
power during readout of ∼ 280pW, which would be well
within the capabilities of a standard dilution refrigerator to
dissipate.
G. Challenges
While we routinely fabricate and operate these sorts of
XY readout schemes, there are some challenges that we had
3This estimate ignores the ﬁrst several nanoseconds after switching which
are dominated by transients and ringing as the lines are not matched to the
high impedance the dc SQUIDs present at switching.
to overcome in order to operate them to their full potential.
While the challenges associated with proper design of cryostat
wiring, ﬁltering, and shielding are applicable, we focus here on
only those issues directly related to the readout scheme. First,
fabrication yields are typically soft failures where one loses
either a row or a column or even a single readout element.
Since the readout system considered herein is a very small
part of a larger circuit, yields are not typically an issue.
Related to fabrication yield is the issue of critical current
variation across a chip. For the dc SQUIDs, small variations
of critical current are not a signiﬁcant issue as there is
plenty of range between OFF and ON in this XY scheme.
Although, if one wanted to save further wires, an XYZ (or
more dimensional) scheme could be used by either summing
Z into the dc SQUID ﬂux bias, at the expense of reduced ON
and OFF signals and thus further sensitivity to critical current
variation.
Similar to critical current variation, ﬂux offsets at each dc
SQUID lead to reduced ON/OFF margins as well. In practice,
this was the ﬁrst major challenge to operating large scale
XY readout schemes: We now use a combination of passive
shielding and active ﬁeld compensation to achieve ﬁelds below
1 nT perpendicular to the chip. Cross-talk in off-chip and on-
chip wiring similarly reduces operating margins.
For the QFPs, critical current differences of the two junc-
tions making up the QFP compound junction directly create
an offset signal that competes with the qubit signal. Due to the
threshold like switching, small differences in critical current do
very little, while large differences render the device unusable
as the qubit signal cannot overcome the intrinsic asymmetry
induced bias on the QFP. Typical requirements are less than
2% junction critical current difference in the QFP CJJ.
We have successfully dealt with the issues listed above,
and do not expect further scaling problems up to at least one
thousand qubits (32 dc SQUIDs in a column).
A further subtle effect which is relevant to fast operation
of the readout circuitry is thermally induced hysteresis. If
one tries to perform experiments with a fast repetition rate
(for tuned dc SQUID ramps, this rate is typically 100 µs),
then the chip temperature is affected by dc SQUID heating
(see discussion in §III below) . This dc SQUID heating
depends quite strongly on when the dc SQUID escapes to
the voltage state, and therefore what signal is applied to the
dc SQUID. We have found that to measure any temperature
dependentphenomena,such as the transition width of a QFP or
qubit where one simultaneously requires high speed and high
accuracy measurements we needed to temperature stabilize the
mixing chamber of the dilution refrigerator at 35-40 mK (much
above the < 10 mK base temperature of the refrigerators) and
take care to minimize the time the dc SQUID stays in the
voltage state.
III. READOUT FIDELITY
There are two errors that contribute to imperfect readout
ﬁdelity. The ﬁrst is the thermal noise on the QFP, and
the second is the uncertainty in the switching time of the
dc SQUID caused by the stochastic nature of the quantum6
tunneling from the zero voltage to the voltage state [15]. The
second error can be averaged away by repeatedly measuring
the QFP, since it keeps state between repeated readout events
(see Fig. 6 and discussion in §II-C).
Fig. 7 shows the measured ﬂux transfer curve of a typical
QFP device, obtained by applying a constant ﬂux through the
QFP ﬂux bias line and then latching the QFP and measuring
the probability of the QFP ending up in one of its two possible
states (labelled 1 and -1) by repeating the measurement 1024
times at each ﬂux bias point. To understand the source of the
QFP transition width, it sufﬁces to analyze a similar situation
of a qubit whose barrier is being raised in the presence of
a thermal bath. Once the barrier is high enough that kbT
and environmental noise W is larger than the QFP ground
to ﬁrst excited state energy splitting ∆, we reach the realm of
incoherent macroscopic tunneling which is analyzed in [16,
17]. As long as ∆2/W is fast enough, the system is able to
stay in thermal equilibrium through incoherent tunneling. At
some point ∆2/W becomes small enough that the system is
effectively frozen at the last thermal state, corresponding to
some value of β ∼ 1.1 − 1.2 and its corresponding persistent
current Ip. For typical annealing times (time taken to raise the
QFP barrier) of 1 µs, this value of ∆ is approximately 1 MHz,
and we can estimate the value of the persistent current of the
QFP to be 4.5 ± 0.5µA at that point to convert the abscissa
in Fig. 7 from ﬂux to energy (2 × ﬂux × current). For the
data shown in Fig. 7 we obtain 47 mK, while the refrigerator
was stabilized at approximately 40 mK. If we decrease the
cooling time after the dc SQUID switching event before the
QFP latch in the next measurement frame and ﬁt the transition
to a hyperbolic tangent we can characterize the cooling of the
QFP after the dc SQUID heating event:
Cooling time (µs) Temperature (mK)
300 75 ± 7
1000 62 ± 6
2000 55 ± 5
4000 47 ± 5
When operated with dc SQUID current biases tuned to mini-
mize heating, or with sufﬁcient cooling time such as the effec-
tive 47 mK data shown in Fig. 7, we obtain a corresponding
ﬂux sensitivity of the QFP of 142 µΦ0. For comparison, the
qubit signal coupled into the QFP is of order 10 mΦ0, which is
why an achieved readout ﬁdelity of 99.9999%is not surprising.
Likely the ﬁnal achieved readout ﬁdelity will be much better
than 99.9999% and the ﬁnal limit will likely be outlier events
not captured in the preceeding discussions.
IV. CONCLUSION
We have described a scalable readout scheme for a su-
perconducting adiabatic quantum optimization system and
measured the readout ﬁdelity of the system. The readout
ﬁdelity for each qubit is deﬁned simply as the probability
of reading the correct qubit state on a given read cycle. To
place a lower bound on this ﬁdelity, we repeated the following
experiment: Initialize qubit in one state, latch QFP, read QFP
with dc SQUID 4 times, repeat for the qubit in the other state.
In repeating this experiment 4 × 106 times (see Fig. 6, thick
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Fig. 7. Characterization of QFP ﬂux sensitivity. QFP state after latching as a
function of ﬂux added from the qfp ﬂux bias line. The data (circles with error
bars) ﬁt reasonably well to a hyperbolic tangent (solid line), signifying that
the detection is thermal noise dominated. The transition width is 142 µΦ0 =
47 mK to be compared with typical qubit signals of 10 mΦ0. The QFP ﬂux
uncertainty (142 µΦ0) is signiﬁcantly better than that of its accompanying
dc SQUID (1.8 mΦ0), since the dc SQUID noise results from the stochastic
nature of quantum tunneling from the zero voltage to ﬁnite voltage state with
an equivalent temperature of several hundred mK, while the QFP annealing
step leads to a thermal uncertainty near the refrigerator temperature of 40
mK.
lines) we saw no errors in either qubit initialization or qubit
state detection, letting us conclude that the readout ﬁdelity is
greater than 99.9999%. This sort of error rate makes readout
ﬁdelity a non-issue for large scale integrated circuits of the
types considered herein. We do not expect any signiﬁcant
further challenges in scaling this type of readout to about one
thousand qubits. For further scaling, we brieﬂy discussed both
an XYZ and a QFP shift register based solution to keep line
counts manageable.
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